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Edited by Hans EklundAbstract Glucosamine-6-phosphate (GlcN6P) N-acetyltrans-
ferase 1 (GNA1) is a key enzyme in the pathway toward biosyn-
thesis of UDP-N-acetylglucosamine, an important donor
substrate for N-linked glycosylation. GNA1 catalyzes the forma-
tion of N-acetylglucosamine-6-phosphate (GlcNAc6P) from
acetyl-CoA (AcCoA) and the acceptor substrate GlcN6P. Here,
we report crystal structures of human GNA1, including apo
GNA1, the GNA1-GlcN6P complex and an E156A mutant.
Our work showed that GlcN6P binds to GNA1 without the help
of AcCoA binding. Structural analyses and mutagenesis studies
have shed lights on the charge distribution in the GlcN6P binding
pocket, and an important role for Glu156 in the substrate bind-
ing. Hence, these ﬁndings have broadened our knowledge of
structural features required for the substrate aﬃnity of GNA1.
Structured summary:
MINT:6700314:
GNA1 (uniprotkb:Q96EK6) and GNA1 (uniprotkb:Q96EK6)
bind (MI:0407) by X-ray crystallography (MI:0114)
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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The nucleotide sugar UDP-N-acetyl-glucosamine (UDP-
GlcNAc) is an important donor substrate for asparagine (N)-
linked glycosylation of proteins in eukaryotic cells. Protein gly-
cosylation is crucial in diverse physiological and pathological
processes, such as cell–cell recognition, immune responses, tu-
mor development and protein transport [1–3].
Glucosamine-6-phosphate N-acetyltransferase 1 (GNA1,
EC 2.3.1.4), an amino-sugar N-acetyltransferase member of
the GCN5-related N-acetyltransferase (GNAT) superfamilyAbbreviations: UDP-GlcNAc, UDP-N-acetyl-glucosamine; GNA1,
glucosamine-6-phosphate N-acetyltransferase 1; CoA, coenzyme A;
AcCoA, acetyl-CoA; GlcN6P, glucosamine 6-phosphate; GNAT,
GCN5-related N-acetyltransferase; Glc-6P, glucose-6-phosphate;
DTNB, 5,5 0-dithiobis[2-nitrobenzoic acid]
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doi:10.1016/j.febslet.2008.07.040[4,5], holds a key position in the de novo biosynthesis of
UDP-GlcN6P [1,5,6]. GNA1 catalyzes the transfer of an acetyl
group from acetyl-CoA (AcCoA) to the primary amine of glu-
cosamine-6-phosphate (GlcN6P), producing N-acetylglucos-
amine (GlcNAc6P) and coenzyme A (CoA) [1,4,7]. In
Saccharomyces cerevisiae, GNA1 is required for multiple steps
in the cell cycle, and its inactivation is lethal [5,8]. Iscove and
colleagues reported that murine EMeg32, the human GNA1
ortholog, is associated with Golgi and endosomal membranes,
and EMeg32 forms a complex with p97/VCP, an important
ATPase implicated in mitotic membrane fusion events [1]. Em-
bryos with a homozygous mutation in EMeg32 die with a gen-
eral proliferative delay of development, and EMeg32-
dependent UDP-GlcNAc levels inﬂuence cell cycle progression
and apoptotic signaling [9].
The Bourne group solved the crystal structure of the apo
Saccharomyces cerevisiae GNA1 (ScGNA1), ScGNA1-Ac-
CoA, and ScGNA1-CoA–GlcNAc6P complexes, revealing a
conserved GNAT fold assembly with CoA and GlcNAc6P
binding sites [4]. The Aalten group reported the use of AcCoA
and a substrate analogue, Glc6P, to determine the structure of
the Aspergillus fumigatus GNA1 (AfGNA1) Michaelis com-
plex, providing direct evidence for the nucleophilic attack of
the substrate amine [10]. Although the AcCoA and GlcNAc6P
binding sites have been well documented, no enzyme–acceptor
substrate (GNA1–GlcN6P) complex structures are published
so far. It is not clear whether cofactor AcCoA binding is a pre-
requisite for acceptor substrate binding as shown for other
GNATs [11,12].
In this report, we present crystal structures of GNA1 from
human liver (HsGNA1), including the apo HsGNA1,
HsGNA1-GlcN6P complex and E156A HsGNA1 mutant
structures. This is the ﬁrst report of GNA1 structure from
mammalian species. The enzyme–acceptor substrate complex
structure has revealed that GlcN6P binds to GNA1 without
the help of AcCoA binding. Structural and mutagenesis studies
illustrate that the conserved charge distribution in the GlcN6P
binding site is important for acceptor substrate aﬃnity.2. Materials and methods
2.1. Protein preparation, crystallization and data collection
The HsGNA1 was overexpressed, puriﬁed and crystallized as previ-
ously reported [13]. Apo crystals were grown in 0.2 M MgCl2, 0.1 M
Bis–Tris, pH 6.3, and 25% (w/v) PEG3350.HsGNA1-GlcN6P co-crys-
tals were obtained in 0.2 M sodium formate and 25% (w/v) PEG3350 in
the presence of 5 mM GlcN6P. Crystals of the E156A mutant were
prepared in the condition containing 0.1 M KSCN, 30 % (w/v) PEGblished by Elsevier B.V. All rights reserved.
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4000.
X-ray diﬀraction data of the wild-type HsGNA1 and HsGNA1-
GlcN6P complex were collected on a Bruker SMART 6000 CCD
detector mounted on a Bruker Nonius FR591 rotating anode genera-
tor with Cu Ka radiation. The data were processed using the Bruker
on-line software PROTEUM suite. Data of the mutant were collected
on the Beamline 3W1A at the BSRF (Beijing Synchrotron Radiation
Facility, Beijing, China) and processed using HKL2000 package [14].
Apo HsGNA1 and HsGNA1-GlcN6P complex crystals belong to the
tetragonal space group P43212 and contain one molecule/asymmetric
unit.2.2. Structure solution, model building, and reﬁnement
During the process of solving the HsGNA1 structure by multiwave-
length anomalous dispersion (MAD) methods, we noticed the release
of the atomic coordinates of human GNA1 in the PDB (2HUZ).
Therefore, we determined the wild-type HsGNA1 and E156A mutant
structures by molecular replacement using the coordinates 2HUZ as
the search model, and reﬁned the atomic model with the programs
COOT[15] and REFMAC to 2.7 A˚ resolution for wild-type and
2.0 A˚ for the mutant structure.
The HsGNA1–GlcN6P complex structure was determined by the
diﬀerence Fourier method using phases from the native structure,
and was further reﬁned by REFMAC to 2.3 A˚ resolution. In the active
site, one molecule of GlcN6P was built in. The Rcryst value was 20.7%
and Rfree was 25.5%. The reﬁnement statistics of the three structures
are listed in Table 1.2.3. Acetyltransferase assays
The 5,5 0-dithiobis[2-nitrobenzoic acid] (DTNB) product detection
assay was used for the detection of CoA-SH generated during acetyl
transfer [16,17]. The kinetic characteristics of the wild-type and the
mutant HsGNA1 were determined using a previously described proto-
col [1,5]. Brieﬂy, the assay was performed in 50 ll of AT buﬀer con-
taining 50 mM Tris–HCl at pH 8.0, 5.0 mM MgCl2, 0.05–5.0 mM
GlcN6P, 500 lM AcCoA, and 10% glycerol in 96-well ﬂat bottom
plates, and approximately 0.1 lg of puriﬁed HsGNA1 was added to
start the reaction. After incubation at 30 C for the indicated time,
the reaction was terminated by adding 50 ll of the stop solution
(50 mM Tris–HCl, pH 8.0, and 6.4 M guanidine hydrochloride) and
then 50 ll of DV buﬀer (50 mM Tris–HCl, pH 8.0, 1 mM EDTA,
and 20 lM DTNB). The ﬁnal product was monitored at 412 nm and
measured on a SpectraMax 190 spectrophotometer (Molecular De-
vices, USA). The concentration (c) of CoA produced was calculated
based on E = elc with eDTNB = 13700 M1 cm1 and l = 0.5 cm.Table 1
X-ray diﬀraction data and reﬁnement statistics (values in parentheses refer t
Crystal parameters HsGNA1
Wavelength (A˚) 1.5418
Resolution range (A˚) 20–2.7
(2.83–2.70)
Completeness (%) 94.5 (94.1)
Rsym
a(%) 6.3 (25.7)
Mean I/r(I) 9.0 (2.1)
Space group P43212
Unit cell parameters (A˚) a = b = 50.13
c = 142.61
No. of observed reﬂections 50601
No. of unique reﬂections 5121
Molecules per AU 1
VM (A˚
3 Da1) 2.12
Rcyst 0.239
Rfree 0.283
Protein atoms (in AU) 1433
Solvent water molecules (in AU) 3
rms Deviations from ideality
Bonds (A˚) 0.010
Angle () 1.196
Average B-factor (A˚2) 35.3
aRsym ¼
P jIobs  Iavgj=
P
Iobs.3. Results and discussion
3.1. Overall structure of wild-type HsGNA1
The crystal structures of HsGNA1 in its apo form, com-
plexed with GlcN6P, and the E156A mutant have been solved
and reﬁned to 2.7 A˚, 2.3 A˚ and 2.0 A˚ resolution, respectively
(Table 1). HsGNA1 forms a tight dimer in the crystal lattice,
and also in solution as demonstrated from gel ﬁltration results
(not shown). Each monomer is composed of 184 residues (with
Gly130 and two residues on the C-terminus missing in the den-
sity map) and the monomer structure belongs to a classic
GNAT fold of a/b protein [7,18,19], containing all four motifs
(C, D, A and B) conserved among the GNATs. Motif C (b1,
g2 and a2) and Motif D (b2 and b3) are located next to and
interact with each other, contributing to the hydrophobic core
[20]. The structure of ScGNA1 with bound AcCoA conﬁrmed
that motif A (b4 and a4), the most highly conserved motif, is
involved in AcCoA binding [4]. Finally, Motif B (b5 and a5)
make up part of the active site. Strands b1–b4 form an antipar-
allel b sheet, and helices a1–a4, g1 and g2 are ﬂanked on both
sides of the central b sheet (Fig. 1A).
The HsGNA1 dimer is constructed by joining two subunits
such that the C-terminal strand b6 projects to the other sub-
unit. The b6-strand swapping between subunits in a dimer,
which is also observed in the ScGNA1 dimer, is a feature un-
ique to the GNAT superfamily [4,10]. The loop between
strands b3 and b4 also extends to the other subunit, contribut-
ing to GlcN6P binding. In each subunit, the AcCoA binding
cleft is formed by the diverging strands b4 and b5. The con-
served b-bulge in strand b4 is formed because Asp121 and
Val122 turn their backbone amides to the AcCoA, whereas
the carbonyl of Glu120 and Asp121 point to the b3. This kind
of b-bulge pattern is only seen in GNA1 [4], and the direction
of the carbonyls is reversed in other members of GNAT super-
family [7,12].
3.2. The N-terminus of HsGNA1
Although the sequence identity between HsGNA1 and
ScGNA1 is 32% (48/146), their structures are quite similar,o the highest resolution shell)
HsGNA1 + GlcN6P E156A mutant
1.5418 1.0001
20–2.3 20–2.0
(2.46–2.30) (2.12–2.00)
90.4 (63.3) 99.6 (99.1)
6.3 (32.2) 7.9 (42.1)
9.2 (1.3) 42.2 (10.8)
P43212 P43212
a = b = 54.14 a = b = 51.34
c = 138.64 c = 142.61
53653 414171
8884 13549
1 1
2.45 2.29
0.207 0.199
0.255 0.232
1437 1459
89 105
0.009 0.007
1.139 0.967
25.6 21.9
Fig. 1. (A) Structure of HsGNA1. The subunit structure (left) and intertwined GNA1 dimer (right). Structurally conserved regions making up the
core (motifs D and A) are indicated in green, motif B in magenta, and the N-terminal and C-terminal ﬂanking regions in red and yellow, respectively.
(B) Structure superposition of HsGNA1 and ScGNA1. A zoom-in view of the extra N-terminal region is displayed on the right. The dotted lines
indicate salt-bridge. (C) Structure-based multiple sequence alignment drawn with ESPript 2.2. GNA1 sequences are from human, Mus musculus,
Xenopus laevis, Danio rerio, Aedes aegypti, Drosophila melanogaster, Candida albicans, Caenorhabditis elegans, Arabidopsis thaliana and
Saccharomyces cerevisiae. The four GNAT motifs are boxed. Secondary structural elements of HsGNA1 are shown above the sequence alignment.
Residues involved in binding GlcN6P are shown as circles, and those contributing to the charge distribution as triangles; residues in subunit 1 are
shown as ﬁlled symbols and those from the other subunit unﬁlled symbols.
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structural aligned Ca atoms. The major diﬀerence is an extra
31-residue region in the N-terminus (Fig. 1B). Alignment of
homologues shows that GNA1 from higher metazoans pos-
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many conserved hydrophobic residues occur (Fig. 1C).
Although the function of the N-terminal region is not clear,
in our structures, this region has well-deﬁned electron density
and averaged B-factors of 42.8, 33.3 and 28.8 for apo
HsGNA1, HsGNA1-GlcN6P complex and E156A mutant
structures, respectively, comparable with the overall B-factors
of the rest parts of the structures (see Table 1). The structure of
the N-terminal 31 residues is composed of helices a1, g1 and
loop regions, embracing the exterior surface of helix a4. A con-
served salt-bridge between Glu5 and Arg51 may contribute to
enhancing the stability of this region (Fig. 1B).
3.3. Acceptor substrate binding
The electron density map of theHsGNA1–GlcN6P complex
shows clear density in the GlcN6P binding site located at the
dimer interface. GlcN6P binds in a pocket formed by residues
from the two subunits (Fig. 2A). The 6-phosphate group of
GlcN6P establishes numerous hydrogen bonds with the en-
zyme, mainly via side chain atoms: Thr61 OG1–O1P = 2.8 A˚,
His111 0 NE2–O1P = 2.6 A˚, Tyr151 0 OH–O2P = 2.6 A˚,
Arg181 NH2–O3P = 2.5 A˚ and Lys152 0 NZ–O2P = 2.8 A˚.
The C1-, C3-, and C4-hydroxyl groups of GlcN6P each make
a hydrogen bond to the side chains of Glu175 0, Glu120 and
Lys108 0, respectively. The backbone oxygen of Glu156 forms
a hydrogen bond with the amino group of GlcN6P, strength-
ening the nucleophilic character of the amine. Hydrophobic
contacts between Leu60 and the b-face of the sugar ring also
contribute to the substrate binding (Fig. 2B).
The HsGNA1–GlcN6P co-crystals were obtained without
AcCoA, suggesting that GlcN6P binds to the enzyme without
AcCoA binding. Previous structural and kinetic analyses of
some GNATs revealed conformational changes resulted from
AcCoA binding are a prerequisite for acceptor substrate bind-
ing. The complex structure of the Tetrahymena transcriptional
coactivator (GCN5-CoA–H3 complex) suggests AcCoA is
essential for reorienting the enzyme for histone binding
[12,22]. This is in agreement with product inhibition studiesFig. 2. (A) Superimposition of the apo and HsGNA1–GlcN6P complex struc
complex are highlighted in red and green, respectively. (B) Stereo view of the
magenta from the other subunit labeled by prime marks on their residue num
ucalc electron density maps are shown at 3.0r. The dotted lines indicate hydof yeast GCN5. It reveals a sequential ternary complex kinetic
mechanism, where AcCoA binds ﬁrst, followed by H3 histone
[22]. In ScGNA1, subtle structural rearrangement upon Ac-
CoA binding results in a slight narrower cleft, but whether
this contributes to the GlcN6P binding is not conﬁrmed by
experiments [4]. The HsGNA1–GlcN6P complexed structure
is very similar to that of the native HsGNA1, indicating no
gross conformational changes occur upon GlcN6P binding
(Fig. 2A). The rms deviation for the common 180 Ca atoms
between the native HsGNA1 and this complex is 0.57 A˚.
Thus, structural arrangement upon AcCoA binding is not
necessary to accommodate GlcN6P. When superimposing
the common AcCoA cleft of the apo and HsGNA1–GlcN6P
complex, the rms deviation is only 0.11 A˚, illustrating that
GlcN6P binding does not inﬂuence the cofactor binding
(Fig. 2A).
3.4. Charge distribution for substrate aﬃnity
At the dimer interface, the GlcN6P pocket is lined with six
electronegative residues (Glu106 0, Glu120, Asp121, Glu175 0
and Glu156 from both subunits) and a patch of electropositive
residues (Lys108 0, His111 0, Arg116 0, Arg118 0, Lys152 0 and
Arg181) where the 6-phosphate group of GlcN6P is accommo-
dated (Fig. 3A and B). GlcN6P establishes hydrogen bonds
with these residues via side chain atoms, except for Glu156.
The backbone oxygen of Glu156 forms a hydrogen bond with
the amino group of GlcN6P, strengthening the nucleophilic
character of the amine. Although side chains of Glu156 do
not take part in the substrate binding, the E156A mutation
remarkably increases the Km value for GlcN6P by about 6-fold
(Km = 1.2 mM, kcat = 9.7 s
1 and kcat/Km = 8083 M
1 s1
compared to Km = 200 lM, kcat = 22.1 s
1 and kcat/Km =
110500 M1 s1 for wild-type HsGNA1). In contrast, the
E156D mutant does not lead to changes in kinetic values
(Km = 175 lM, kcat = 19.3 s
1 and kcat/Km = 110300 M
1 s1).
An important contribution to explaining this fact comes
from structural studies of the E156A mutant, in which a much
more profound rearrangement of the residues comprising thetures. AcCoA and GlcN6P binding sites in apo and HsGNA1–GlcN6P
GlcN6P binding site with residues shown in cyan from subunit 1 and in
bers. Unbiased (i.e. before inclusion of any ligand model) jFoj  jFcj,
rogen bonds, and GlcN6P is shown with yellow carbon atoms.
Fig. 3. (A) Electrostatic surface of the GlcN6P binding site. Acidic regions are indicated in red and basic regions in blue. (B) The salt-bridge network
in the GlcN6P binding pocket. Potential salt-bridges between residues from two subunits within 4.0 ± 0.3 A˚ are denoted by red dashed lines. Residues
are shown in cyan from subunit 1 and in magenta from the other subunit labeled by prime marks on their residue numbers. The blue dotted lines
indicate hydrogen bonds between the substrate and groups. (C) Superimposition of the apo (gray), HsGNA1–GlcN6P complex (green) and E156A
mutant structures (pink). The GlcN6P is shown with yellow carbon atom.
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negative ion modeled here as a Cl, either from the puriﬁca-
tion process or the cellular source, is trapped by the
positively charged pocket, occupying the position of Tyr151.
The phenol group of Tyr151 is rotated out of the binding site
(Fig. 3C). In contrast, in the wild-type structures, the phenol
group is in an appropriate position to form a hydrogen bond
with the 6-phosphate group. Two kinds of mutant crystal
structures conﬁrmed these structural changes, including crys-
tals from 0.1 M KSCN and 25% PEG 3350 belonging to the
space group P43212, and crystals from 0.1 M KI, 0.1 M
MES, pH 6.5, and 25% PEG 4000 belonging to the space
group P212121 (data not shown).
Electrostatics play an important role in deﬁning the enzyme
and substrate binding. The overall charge distribution at the
binding site provides the complementarities between binding
partners. Residues regulate the electrostatic properties by
forming short-range interactions, such as salt-bridges, and by
deﬁning the electrostatic environment of the protein [23]. In
the wild-type HsGNA1, the charge distribution at the GlcN6P
binding site is clearly visible (Fig. 3A). A network of seven salt-
bridges is proposed at the bottom of the pocket (Fig. 3B). Res-
idues involved in the network are conserved in GNA1s (Fig.
1C). Glu156 forms a salt-bridge with Arg118. In E156A, this
salt-bridge is broken, hence Arg118 has a positive charge,
and the charge distribution is indirectly changed through the
salt-bridge network. The mutation of Glu156 to Ala did not
markedly change the electrostatic surface potential of the
GlcN6P pocket, except for a localized eﬀect making the pocket
less negatively charged. The changes in the pocket enhance its
ability to attract other electronegative groups for electrostatic
complementarities, and cause an inappropriate movement of
Tyr151 for GlcN6P binding. Thus, the GlcN6P binding aﬃnity
decreases in E156A mutant.
In summary, the structural and mutagenesis studies pre-
sented here revealed new features of the GlcN6P binding in
HsGNA1 and other GNA1 homologues. The conserved
charge distribution at the GlcN6P binding pocket is important
for the acceptor substrate aﬃnity. Glu156, a conserved residue
present in GNA1 from various eukaryotic organisms, plays an
important role in both the catalytic reaction and substrateaﬃnity. Moreover, the GlcN6P binds to GNA1 without the
help of AcCoA binding, suggesting that a pseudo-substrate
could bind GNA1 as an inhibitor without the help of AcCoA.
Our studies broaden the understanding of the substrate bind-
ing, opening up fresh avenues for the development of new
inhibitors for such kind of enzyme.
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